As with other cell types, hematopoietic cells initiate apoptotic and cell cycle arrest checkpoints in response to DNA-damaging agents, such as ␥ irradiation (15) . This has biological significance since the failure of DNA-damaged cells to die or growth arrest allows the accumulation of new mutations and may contribute to tumorigenic development (36, 45) . However, both apoptotic and growth arrest responses to DNA damage in hematopoietic cells can be overridden by treatment with cytokine growth factors, such as erythropoietin (Epo) and interleukin (IL)-3. The ability of these growth factors to bypass apoptotic responses to DNA damage is likely associated with their ability to induce expression of the antiapoptotic proteins Bcl-2 and Bcl-x L (1, 40) . By comparison, the mechanism by which cytokines override the growth arrest checkpoints remains undefined.
Normal progression through the mammalian cell cycle is controlled by the sequential activation of cyclin-dependent kinases (Cdks) (34) . The transition from G 1 to S phase is initiated by the expression of D-type cyclins and their assembly into kinase complexes with Cdk 4 (Cdk4) and Cdk6. Once activated, the cyclin D-dependent kinases phosphorylate and inactivate the tumor suppressor protein pRb (23) . In early to mid-G 1 phase, hypophosphorylated pRb associates with the transcription factor E2F and actively represses transcription through the recruitment of histone deacetylase. The initial phosphorylation of pRb by cyclin D-Cdk4 complexes in mid-G 1 negates its ability to repress transcription and results in increased expression of cyclin E, the regulatory partner for Cdk2. Subsequently, cyclin E-Cdk2 complexes phosphorylate pRb on additional sites, causing the release of free E2F and the activated transcription of genes required for S-phase entry, including cyclin A.
Cdks are regulated by several mechanisms in addition to their association with cyclins. Activation of Cdk2 requires phosphorylation at threonine-160 by a Cdk-activating kinase (CAK), as well as the removal of inhibitory phosphorylations by Cdc25 phosphatases (34) . Cdks may also be directly inhibited by association with Cdk inhibitors (CKIs), including p21
Cip1 and p27 Kip1 (46) . Expression of p27 is induced by antiproliferative stimuli, including growth factor withdrawal, transforming growth factor beta (TGF-␤), contact inhibition, and differentiation. By comparison, p21 is largely regulated by p53-dependent responses to cellular stresses, such as DNA damage.
The ability of most cells to arrest following DNA damage is dependent on the tumor suppressor p53 (29) . When activated in response to a variety of cellular stresses, p53 functions as a transcription factor to induce expression of genes which elicit cell cycle arrest or programmed cell death. In so doing, p53 plays a crucial role in removing damaged cells from an organism. The importance of this response in preventing tumorigenesis is demonstrated by the frequent loss or mutation of p53 in human cancer (22) . However, p53 is not commonly inactivated in leukemias (8) , and DNA damage-induced cell cycle arrest checkpoints are retained in p53-deficient hematopoietic cells (40, 48) . Thus, it seems likely that hematopoietic cell cycle checkpoints are mechanistically distinct.
It has previously been shown that the ability of Epo to override ␥ irradiation-induced growth arrest is dependent on the ability of the Epo receptor (EpoR) to activate a phosphatidylinositol 3-kinase (PI 3-kinase)/Akt signaling pathway (24, 40) . For example, truncated EpoRs lacking PI 3-kinase recruitment sites retain mitogenic activity under normal culture conditions but fail to promote proliferation in irradiated myeloid cell lines. In the present study, we have examined the molecular basis of the ␥ irradiation-induced G 1 checkpoint in hematopoietic cell lines expressing truncated EpoRs. We show that this G 1 arrest correlates with induced expression of p27 and inhibits phosphorylation of Cdk2 at threonine-160. Moreover, the ability of cytokines to override this checkpoint specifically correlates with phosphorylation and activation of Cdk2 but not with altered expression of CKIs. These data define a novel DNA damage-induced checkpoint in hematopoietic cells targeting the activating phosphorylation of Cdk2.
MATERIALS AND METHODS
Cell lines and culture conditions. 32D murine myeloid cells (5) stably expressing either the wild-type (EpoR[wt]) (11) or the truncated (EpoR[H]) (33) cDNA were electroporated with 20 g of the bcl-x L cDNA (20) in the pXM expression vector plus 2 g of pSV2-NEO. Transfected cells were selected in 1 mg of G418/ml plus 70 pg of recombinant IL-3/ml. Clonal lines were obtained by dilution, and the constitutive expression of Bcl-x L was confirmed by Western blotting. All cell lines were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum plus either recombinant human Epo (5 U/ml) or recombinant murine IL-3 (70 pg/ml). In certain experiments, the PI 3-kinase inhibitor LY294002 (Calbiochem) was added to cell culture medium to a final concentration of 10 M.
Flow cytometry. Cells (n ϭ 10 6 ) were washed with phosphate-buffered saline and were resuspended in 1 ml of propidium iodide staining solution (0.05 mg/ml propidium iodide, 01.% [wt/vol] sodium citrate, and 0.1% [wt/vol] Triton X-100) containing 2 g of DNase-free RNase A/ml. Samples were incubated for 30 min at room temperature, and the DNA content of cells was analyzed on a FACScan (Benton Dickinson). Cell cycle distributions were determined using ModFit LT software (Verity).
Cell synchronization and ␥ irradiation. Cells were synchronized in G 0 /G1 by culturing for 24 h in the absence of cytokine (RPMI 1640 medium supplemented with 10% fetal bovine serum). One hour prior to ␥ irradiation, Epo (5 U/ml) or IL-3 (1.4 ng/ml) was added to cultures as indicated. Cells were then exposed to 4 Gy of ␥ irradiation from a 137 Cs source or were left untreated. Immunoprecipitations. Cells were washed twice with phosphate-buffered saline and were lysed in Tween 20 buffer (50 mM HEPES, pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.1% Tween 20, 4-(2-ominoethyl)-benzenesulfonyl fluoride, pepstatin A, E-64, bestatin, leupeptin, and aprotinin) for 30 min at 4°C. Insoluble material was removed by centrifugation at 10,000 ϫ g for 10 min. Specific proteins were precipitated with 2 g of antiserum/ml specific for Cdk4 (Santa Cruz C-22), cyclin E (Santa Cruz M-20), or Cdk7 (Santa Cruz M-19) and were used in kinase reactions or for Western blotting.
Kinase assays. Immune complexes were washed twice with Tween 20 buffer and twice with Cdk buffer (50 mM HEPES, pH 8.0, and 10 mM MgCl 2 ). Glutathione S-transferase-Rb was added as a substrate for Cdk4 kinase reactions as described earlier (32) . For Cdk2 kinase reactions, 10 g of histone H1 (Roche) was added. For Cdk7 kinase reactions, 1 g of glutathione S-transferase-Cdk2 (Santa Cruz) was used. All reactions were initiated by the addition of 0.1 pmol of ATP plus 10 Ci of [␥-
32 P]ATP (ICN) and proceeded at 30°C for 30 min. Reaction products were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were visualized by autoradiography or on a PhosphorImager (Molecular Dynamics).
Western blot analysis. Total cell lysates were prepared by direct lysis in SDS-PAGE sample buffer. Lysates or immunoprecipitated proteins were resolved on SDS-12.5% PAGE gels and were transferred to nitrocellulose membrane. Membranes were probed with specific antibodies. Antibodies to Cdk2 were from BD Pharmingen. Cdk2 phosphorylation at tyrosine-15 was detected using antibodies raised against the conserved, phosphorylated tyrosine-15 site of Cdc2 (New England BioLabs); Cdk2 phosphorylation at threonine-160 was detected using antiserum (provided by Philipp Kaldis, NCI Frederick) raised against the phosphorylated, conserved, activating site of Cdc28p (42) . Blotted proteins were visualized with Lumi-Light Blotting Reagents (Roche), as directed by the manufacturer.
RESULTS

Synchronized 32D-EpoR[H] cells arrest at a G 1 checkpoint following irradiation.
Previous studies have demonstrated that treatment of hematopoietic cells with cytokines, such as Epo or IL-3, overrides DNA damage-induced checkpoints in both G 1 and G 2 /M phases of the cell cycle (24, 40) . However, this activity is absent in cells expressing cytokine receptor mutants that are mitogenically competent but which lack a PI 3-kinase recruitment site, such as the truncated form of EpoR, EpoR [H] (Fig. 1A) . In order to specifically characterize the ␥ irradiation-induced G 1 checkpoint in hematopoietic cells, murine myeloid 32D cells expressing wild-type EpoR (32D-EpoR[wt]) or truncated EpoR (32D-EpoR[H]) were stably transfected with the antiapoptotic gene bcl-x L . Bcl-x L was used in these studies to protect against cell death during growth factor withdrawal, thereby enabling synchronization of these ␥ irradiation-induced G 1 arrest of 32D cells correlates with inhibition of cyclin E-Cdk2 activity and with increased expression of p27 Kip1 . To begin characterizing the nature of the G 1 cell cycle checkpoint in hematopoietic cells, the expression of common regulators of G 1 cell cycle progression was evaluated. Synchronized 32D-EpoR[H] cells were restimulated with Epo or IL-3 in the presence or absence of ␥ irradiation, and lysates were subjected to Western blotting with specific antibodies. As shown in Fig. 2 , expression of cyclins D2, D3, and E was not significantly different in Epo-treated cultures with or without ␥ irradiation. Cyclin D1 is not expressed in 32D cells (not shown). By contrast, irradiated cells cultured in Epo specifically lacked any detectable expression of cyclin A. Since cyclin A is first expressed in early S phase, this result is consistent with the G 1 arrest of this population. Expression levels of Cdk4 and Cdk6 remained the same regardless of treatment. By contrast, two forms of Cdk2 were detected in proliferating cells, whereas only one species was expressed in growth-arrested cells. The faster-migrating form of Cdk2 (pCdk2) has been shown to result from phosphorylation on threonine-160, and it represents the active form of this kinase (21, 34) . This activated form of Cdk2 was absent in cells which were arrested following irradiation (Epo, ϩ 4 Gy), as well as in control cells which exit the cell cycle due to growth factor withdrawal (no factor).
Cyclin A is an E2F-regulated gene whose induction depends on the sequential phosphorylation of pRb by cyclin D-and E-dependent kinases (23) . To assess the status of this pathway, the phosphorylation status of pRb in each lysate was evaluated. pRb migrates as three distinct forms on denaturing gels with the fastest-migrating form representative of hypophosphorylated pRb. Two slower-migrating forms represent differentially hyperphosphorylated species (ppRb). The intermediate form of ppRb contains phosphorylations at Cdk4-specific sites, while the slowest-migrating form is phosphorylated at both Cdk4-and Cdk2-specific sites (7) . As shown in Fig. 2 , cells arrested by ␥ irradiation (Epo, ϩ 4 Gy) contained a significant portion of hypophosphorylated pRb as well as Cdk4-phosphorylated ppRb but gave no evidence of Cdk2-phosphorylated ppRb. By comparison, irradiated cells cultured in IL-3 contained all three forms of pRb, albeit with lower levels of the Cdk2-phosphorylated form than did nonirradiated cells.
To directly assess the activity of pRb kinases in checkpoint arrested cells, Cdk4 or Cdk2 was immunoprecipitated from lysates of 32D-EpoR[H] cells and in vitro kinase reactions were performed (Fig. 3) . As expected, no kinase activity was present in lysates from cells synchronized by growth factor withdrawal (no factor). Cdk4-associated kinase activity was present in lysates from arrested cells cultured in Epo following irradiation and was comparable to the activity present in lysates from cells restimulated with Epo in the absence of irradiation. Similar results were obtained when cyclin D2 complexes were assayed for kinase activity (not shown). Notably, no detectable Cdk2-associated kinase activity was present in cells arrested following irradiation (Epo, ϩ 4 Gy). By contrast, irradiation did not inhibit IL-3-induced Cdk2 activity compared to cells restimulated with IL-3 or Epo in the absence of irradiation.
To assess the influence of cyclin E complex formation on Cdk2 activity in irradiated cells, cyclin E-specific immunoprecipitations were Western blotted for the presence of Cdk2 (Fig.  3 ). Cdk2 coprecipitated with cyclin E from all cell lysates except those arrested by growth factor withdrawal. However, cyclin E immune complexes from irradiated, arrested cells (Epo, ϩ 4 Gy) lacked any detectable kinase activity. High levels of cyclin E-associated kinase activity were obtained from all proliferating cells, including irradiated cells cultured in IL-3. Thus, ␥ irradiation-induced G 1 arrest of 32D cells correlates with an inhibition of cyclin E-Cdk2 activity while retaining active cyclin D-Cdk4 complexes. These observations are consistent with the partially hyperphosphorylated state of pRb in these cells (Fig. 2) .
Similar to the analysis of total cell lysates given for Fig. 2 , anti-Cdk2 Western blotting of either Cdk2 or cyclin E immunoprecipitates appeared to detect only the slower-migrating, inactive form of Cdk2 from irradiated, arrested cells ( Fig. 3 ; Epo, ϩ 4 Gy), while the faster-migrating, active form (pCdk2) was present in immunoprecipitates from all proliferating cells. However, the two forms of Cdk2 were poorly resolved on SDS-PAGE gels when obtained from immunoprecipitated material. To confirm that the faster-migrating form of Cdk2 indeed corresponds to active Cdk2 phosphorylated at threonine-160, immunoprecipitated Cdk2 was Western blotted with antiserum specific for the phosphorylated, conserved activation site of Cdks. Threonine-160-phosphorylated Cdk2 was detected only in immunoprecipitates from proliferating cells, including irradiated cells cultured in IL-3. No threonine-160 phosphorylation was observed in cells arrested following irradiation (Epo, ϩ 4 Gy). No significant differences were observed between the phosphorylated status of cyclin E-associated Cdk2 and that of the total Cdk2 population obtained from each culture.
Inhibition of Cdk2 activity may also be mediated by phosphorylation at tyrosine-15. However, no tyrosine-15 phosphorylation was detected in either Cdk2 or cyclin E immunoprecipitates from irradiated, arrested cells ( Fig. 3 ; Epo, ϩ 4 Gy) using phosphotyrosine-15-specific antibodies. Consistent with previous observations (21, 44) , tyrosine-15 phosphorylation of Cdk2 was present in all proliferating cultures having significant S and G 2 phase populations. Irradiation did not alter the amount of tyrosine-15 phosphorylation of Cdk2 or alter its distribution between total cellular versus cyclin E-associated subpopulations.
Phosphorylation of the activating threonine-160 on Cdk2 is mediated by a CAK whose identity has not been firmly established. One candidate mediator of this activity is the cyclin H-Cdk7 complex (18, 31) . Cdk7-associated immune complex kinase reactions were performed from lysates of 32D-EpoR[H] cells (Fig. 3) . Notably, Cdk7-associated kinase activity was present in all lysates tested, with no significant differences observed in cells arrested following irradiation compared to cycling populations. The Mat1 protein has been reported to alter the specificity of cyclin H-Cdk7 complex to favor substrates other than Cdk2 (52) . As shown in Fig. 3 
Inhibition of cyclin-Cdk activity by p21 is commonly associated with p53-dependent responses to DNA damage (29, 46) . Expression of p21 and other Cip/Kip family members was evaluated by Western blot analysis of 32D-EpoR[H] cell lysates (Fig. 4) . Cells synchronized in G 0 /G1 by growth factor withdrawal contained high levels of p27 and low levels of p21. Restimulation of cells with Epo or IL-3 significantly reduced p27 expression. Earlier studies also showed p53-dependent expression of p21 in response to DNA damage in hematopoietic cells, including 32D cells (8, 41) . Indeed, p21 expression was elevated in irradiated 32D cell cultures. However, p21 expression was equivalently elevated in arrested cells (Epo, ϩ 4 Gy) compared with proliferating cells (IL-3, ϩ 4 Gy). By contrast, p27 expression was high in checkpoint-arrested cells (Epo, ϩ 4 Gy) but was absent in irradiated cells cultured in IL-3. p57 expression was not detectable in any 32D cell lysates (not shown).
To assess the potential contribution of p21 and p27 to the inhibition of cyclin E-Cdk2 activity in checkpoint-arrested cells, Cdk-immunoprecipitated proteins were Western blotted for the presence of p21 or p27 (Fig. 4) . p21 was detected in catalytically active Cdk4 immune complexes present in irradiated cells, but this inhibitor was not observed in any Cdk2 complexes analyzed. No p27 protein coprecipitated with either Cdk4 or Cdk2, regardless of treatment conditions. In keeping with these observations, we have been unable to detect p27 or p21 in cyclin E immunoprecipitations; nor was cyclin E, Cdk2, or Cdk4 present in p27 immunoprecipitates from these 32D cell lysates (not shown). To confirm that the Cdk2 antibodies and conditions used supported the precipitation of complexes with CKIs, similar immunoprecipitations were performed from lysates of murine 3T3 cells (Fig. 4B) . Both p21 and p27 were readily detectable in Cdk2 immunoprecipitates from contactinhibited 3T3 cells. As anticipated, the degree of CKI coprecipitation was significantly enhanced in contact-inhibited versus asynchronously growing cells.
Ability of cytokines to override ␥ irradiation-induced p27 expression and Cdk2 inactivation is dependent on a PI 3-ki- Fig. 1B were immunoprecipitated (I.P.) with antibodies to Cdk4, Cdk2, cyclin E, or Cdk7, and in vitro kinase assays were performed (Activity). Immunoprecipitated proteins were Western blotted with Cdk4 antibodies (Cdk4 IP), total and phosphorylation site-specific Cdk2 antibodies (Cdk2 and cyclin E IPs), or Mat1 antibodies (I.P. Cdk7).
FIG. 3. Irradiated 32D cells arrested in G 1 have inactive cyclin E-Cdk2 complexes but retain active Cdk4 and Cdk7. Cell lysates from the 32D-EpoR[H] cultures represented in
nase signaling pathway. The data described above indicate that ␥ irradiation-induced arrest of 32D cells correlates with both inhibition of cyclin E-Cdk2 activation and elevated expression of p27 protein. In related studies, it has been recently shown that the ability of cytokines to override ␥ irradiationinduced cell cycle arrest requires activation of a PI 3-kinase signaling pathway (24) . To determine if inhibition of this signaling pathway had similar effects on cell cycle regulators in irradiated cells, the effects of the PI 3-kinase inhibitor, LY294002, on 32D-EpoR[wt] cells were assessed. LY294002 treatment did significantly reduce the S-phase population in cytokine-treated cultures in the absence of irradiation (Fig.  5A) . However, these cultures still retained greater than 40% of their population in S phase. By contrast, LY294002 completely blocked the ability of IL-3 or Epo to stimulate cell cycle progression following irradiation of synchronized cells, as indicated by the near absence of S phase. Interestingly, LY294002 treatment also abolished the ability of Epo and IL-3 to induce threonine-160 phosphorylation of Cdk2, coinciding with the inactivation of Cdk2 kinases in irradiated cells (Fig. 5B) . Inhibition of PI 3-kinase in nonirradiated cells had little effect on Cdk2 activity. LY294002 also had no effect on cytokine-induced Cdk4 activity in either irradiated or nonirradiated cells. By comparison, LY294002 inhibited the Epo-and IL-3-dependent suppression of p27 expression following irradiation. Thus, the ␥ irradiation-induced arrest of LY294002-treated 32D-EpoR[wt] cells had a molecular phenotype identical to the arrest in 32D-EpoR[H] cells, which express receptors lacking the PI 3-kinase activation domain.
Cytokine-induced release from the G 1 checkpoint correlates with phosphorylation and activation of Cdk2. Together, the data above indicate that through activation of a PI 3-kinase signaling pathway, cytokines override DNA damage-induced expression of p27 and inactivation of Cdk2. To determine which of these activities is most closely associated with the G 1 Fig. 1B were Western blotted with antibodies specific for p21 or p27. Alternatively, lysates were immunoprecipitated with Cdk4 or Cdk2 antibodies, and precipitated proteins were Western blotted with antibodies specific for p21, p27, or the precipitating antibody. (B) Murine NIH 3T3 cells were grown to confluence (contact inhibited) or were collected from subconfluent cultures (asynchronous). Cell lysates were immunoprecipitated (I.P.) with Cdk2 antibodies, and precipitated proteins were Western blotted with antibodies specific for p21 or p27. Lysates from cells at various time points following restimulation with IL-3 were assayed for the activities of cell cycle regulators (Fig. 7B) . Cdk2 activity was undetectable up to 14 h following IL-3 restimulation, as was cyclin A expression, a marker of S-phase entry. Concurrent with the appearance of increasing S-phase populations (Fig. 7A ), cells restimulated with IL-3 for 16 h contained detectable levels of Cdk2 phosphorylated at threonine-160 (pCdk2), Cdk2-associated kinase activity, and cyclin A expression. Each of these activities increased through 24 h of IL-3 restimulations in parallel with the increase in S-phase content of this culture. By comparison, expression of p27 protein showed little if any change during the 24-h period following IL-3 addition and remained elevated for up to 36 h (latter time point not shown). Consistent with earlier results (Fig. 6C) , p21 protein levels were upregulated by IL-3 treatment throughout the entire time course in a manner that did not correspond to cell cycle entry.
FIG. 4. Expression of CKIs in irradiated 32D cells. (A) Total cell lysates (TCL) from the 32D-EpoR[H] cultures represented in
DISCUSSION
Normal cellular responses to DNA-damaging agents include cell cycle arrest in G 1 and G 2 /M phases. Previously, we have shown that treatment of hematopoietic cell lines with growthpromoting cytokines can override these cell cycle checkpoints (40) . Moreover, the ability of cytokines to override these checkpoints is dependent on their ability to activate a PI 3-kinase/Akt signaling pathway (24) . In the present study, we report that the DNA damage-induced G 1 arrest in hematopoietic cells correlates with the absence of Cdk2 phosphorylation at threonine-160 and that this appears to be a target of the cytokine-activated PI 3-kinase signaling pathway. In many cell types, DNA damage-induced G 1 arrest is associated with p53-dependent expression of p21 and with subsequent inhibition of cyclin-Cdk complexes. In murine embryonic fibroblasts, p21 expression is required for G 1 arrest in response to irradiation and results in specific inhibition of cyclin E-Cdk2 but not cyclin D-Cdk4 (7). This differential inhibition of Cdk2 versus Cdk4 is similar to the irradiationinduced arrest in 32D cells. However, hematopoietic cells lacking functional p53 still retain the ability to arrest in response to DNA damage (40, 48) , suggesting that other arrest mediators are functional in these cells. In fact, the results presented here show that ␥ irradiation does induce expression of p21 in 32D cells, but p21 levels are equally high in cells arrested at the G 1 checkpoint and in those in which the arrest is overridden by cytokine treatment. Thus, p21 expression does not appear to be sufficient to induce arrest of hematopoietic cells treated with growth-promoting cytokines. Moreover, p21 expression decreased to near-background levels in cells that remained arrested 5 days after irradiation, indicating that p21 is not likely to contribute to the long-term maintenance of the G 1 checkpoint.
In a separate study, exposure of hematopoietic cells to low doses of ␥ irradiation caused a transient slowing in G 1 -to-S phase progression when cells were cultured in IL-3, and this slowing could be alleviated by overexpression of Cdk4 (41) . Similar to our findings, p21 was found associated with cyclin D-Cdk4 but not cyclin E-Cdk2 in irradiated cells. Notably, Cdk4 is not as effectively inhibited by p21 as is Cdk2 (46) . Thus, cytokine-treated hematopoietic cells appear to maintain a sufficient pool of Cdk4 to sequester p21 and prevent inhibition of Cdk2 following irradiation. However, this apparent ability to sequester p21 is not sufficient to prevent a ␥ irradiation-induced arrest in the absence of PI 3-kinase activity.
Unlike p21, increased p27 expression did correlate with the establishment of the G 1 arrest following ␥ irradiation. However, we have not been able to demonstrate the presence of p27 in any cyclin-Cdk complexes derived from irradiated or nonirradiated 32D cell lysates. Moreover, there was no apparent decrease in p27 expression as cells progressed into S phase following cytokine-induced release from the G 1 checkpoint (Fig. 7B) . It is not surprising that a decrease in p27 expression was not detectable prior to activation of Cdk2 in this experiment, since only a small percentage of cells begins to enter S phase 16 h following release from the checkpoint. However, by 24 h, 42% of the culture had exited G 1 phase and still there was no detectable reduction in p27 expression. Thus, it does not appear that significant reduction in p27 expression is required for cytokine treatment to override the G 1 checkpoint. There is also a notable difference in the pattern of p27 expression in cells that initially arrest and are subsequently released from the G 1 checkpoint, compared to cells that never arrest following irradiation. Specifically, p27 levels are low in cells that do not arrest, whereas p27 levels remain high in cells released from an established G 1 arrest (compare Fig. 4 and 7) . The basis for this distinction remains unclear at present, but it raises the question of whether p27 plays any functional role in ␥ irradiationinduced arrest of hematopoietic cells. There is no prior association of p27 with established models of DNA damage response pathways, although deficiencies in p27 expression have been associated with an increased susceptibility to irradiation-induced tumor formation in mice (17) . However, no significant increase in leukemias or tumors derived from hematopoietic compartments were found in p27-null mice.
The ␥ irradiation-induced G 1 arrest of 32D cells was consistently associated with a complete lack of Cdk2 activity despite the continued presence of cyclin E-Cdk2 complexes. Recently, degradation of Cdc25A and persistent inhibitory phosphorylation of Cdk2 were shown to mediate a UV-induced, p53-independent G 1 arrest of an osteosarcoma cell line (30) . However, we have not observed any detectable phosphorylation of Cdk2 at inhibitory sites in irradiated, arrested 32D cells (Fig. 3) . We have also not observed any detectable reduction in Cdc25A protein levels in these cells (not shown). Thus, this novel DNA damage checkpoint mechanism does not appear to be activated in ␥-irradiated 32D cells. The absence of an activating phosphorylation at threonine-160 of Cdk2 consistently correlated with establishment of the irradiation-induced G 1 arrest. Moreover, Cdk2 phosphorylation and activation are the earliest events that we have observed following release from this checkpoint in response to cytokine treatment. Phosphorylation of Cdk2 is mediated by a CAK. Association of Cdks with either p21 or p27 has been reported to inhibit their phosphorylation by CAK (4, 25, 28, 47) . Thus, it remains possible that Cip/Kip family members play a role in preventing access to threonine-160 of Cdk2 in irradiated 32D cells, despite our inability to detect p21 or p27 in cyclin E-Cdk2 complexes from these cells. Notably, in vitro CAK phosphorylation of Cdk4 has been found to be inhibited by stoichiometric association with p27, which could be overcome by increased concentrations of Cdk4 in the reaction (28) . We have tested for a similar effect in 32D cells by enforced overexpression of Cdk2. However, 32D-EpoR[H] cells expressing up to sixfold-higher levels of Cdk2 still completely arrest in G 1 phase with inactive Cdk2 following ␥ irradiation when cultured in Epo (A. K. Eapen, unpublished data). This implies that a more significant change in stoichiometry must be required, if indeed p27 is inhibiting Cdk2 activation in irradiated 32D cells. However, the lack of any detectable reduction in p27 expression as irradiated 32D cells reenter cycle (Fig. 7) does not support such a possibility, unless subcellular relocalization of p27 plays a significant role. Based on our observations, a more plausible explanation may be that cytokine-activated signaling pathways more directly regulate Cdk2 phosphorylation through presently undefined mechanisms.
Initially, a mammalian CAK was identified as the cyclin H-Cdk7 complex based on its ability to phosphorylate Cdk2 in vitro (18, 31) . However, the Cdk7-associated kinase activity was not found to vary in a cell cycle-dependent manner in vivo. Other work suggests that addition of Mat1 to this complex can shift its specificity from Cdk2 to other substrates, including RNA polymerase II and pRB (52) . In the present study, we found no alteration in Cdk7-associated kinase activity or levels of Cdk7-associated Mat1 in irradiated versus nonirradiated cells. Thus, it seems unlikely that the lack of threonine-160 phosphorylated Cdk2 in checkpoint-arrested 32D cells results from altered cyclin H-Cdk7 activity or specificity.
In yeast, CAK activity is not a function of the Cdk7 homolog Kin28. Instead, it is mediated by a monomeric kinase, Cak1 (16, 27, 51) . Although a mammalian homolog of Cak1 has not been conclusively identified, a similar activity has been observed in lysates of human cells (26) and may be downregulated in a TGF-␤-induced G 1 arrest (35) . Notably, the TGF-␤-induced arrest was associated with active cyclin D-Cdk4 complexes and inactive cyclin E-Cdk2 complexes in which Cdk2 lacked phosphorylation at threonine-160. This is similar to the irradiation-induced arrest in 32D cells. Thus, it is tempting to speculate that these two growth inhibitory responses may be mediated through inactivation of the same or similar CAK activity.
Alternatively, the lack of Cdk2 phosphorylation in irradiated 32D cells could result from activation of a phosphatase. Phosphatase activity toward threonine-160 has been associated with the Cdk-associated phosphatase (37) and members of the protein phosphatase 2C family (9) . However, activity for both the Cdk-associated phosphatase and protein phosphatase 2C is restricted to monomeric Cdk2 and would likely not be effective against the cyclin E-Cdk2 complexes present in G 1 -arrested 32D cells. Since there is no prior evidence that a CAK is inhibited or a phosphatase activated in response to DNA damage in other cell types, it is possible that this response to DNA damage is a unique property of hematopoietic cells.
Growth-promoting cytokines, such as Epo and IL-3, normally regulate progression through early G 1 phase in factordependent hematopoietic cells. Previously, the normal growth response to cytokines has been most closely associated with induced expression of D-type cyclins and the inhibited expression of p27 (2, 3, 6) . Indeed, these activities can be regulated through PI 3-kinase pathways in response to cytokines and other growth factors. PI 3-kinase activity can contribute to induced expression of D-type cyclins (19) and to increased cyclin D1 stability through Akt-dependent phosphorylation of glycogen synthase kinase 3␤ (13) . Also, PI 3-kinase activation can effectively downregulate expression of p27, since various inhibitors of PI 3-kinase pathways have been shown to cause enhanced expression of p27 protein (6, 14, 49, 50) .
Through these or other activities, PI 3-kinase activation clearly contributes to the efficiency of cytokine-induced cell cycle progression. Notably, cells expressing truncated EpoR or those treated with PI 3-kinase inhibitors (e.g., LY294002) reproducibly exhibit a reduced S-phase population compared to cells growing under control of wild-type cytokine receptors (approximately 40% S phase compared to 60% S phase, respectively). Yet, under normal culture conditions, cytokine receptors lacking the ability to directly activate PI 3-kinase do support long-term proliferation of hematopoietic cells (10, 12, 33, 38, 39, 43) . By contrast, the ability of cytokines to override DNA damage-induced cell cycle checkpoints in both G 1 and G 2 phases is absolutely dependent on their ability to activate PI 3-kinase (24) . We now find that following DNA damage, the most demonstrable effect of cytokine-induced PI 3-kinase activation is the maintenance of Cdk2 in its phosphorylated, active state. Possible effects on cyclin D stability do not appear to be significant since cyclin D-Cdk4 complexes remain active in irradiated, arrested cells. Similarly, the lack of detectable reductions in p27 expression as irradiated, arrested 32D cells reenter the cell cycle suggests that inhibited p27 expression is not a major effect of PI 3-kinase activation in this context. Instead, the ability to regulate Cdk2 phosphorylation appears to represent a novel activity for the PI 3-kinase signaling pathway. However, there remains a significant 16-h time lag between cytokine treatment and the appearance of detectable Cdk2 activity in irradiated cells. This suggests that multiple steps connect PI 3-kinase activation to the phosphorylation of Cdk2 in irradiated, hematopoietic cells.
